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Dufour effectAbstract An unsteady hydromagnetic flow past an infinite vertical porous plate has been analyzed
to show the effect of an additional cross transport phenomenon, i.e. heat flux caused by concentra-
tion gradient in addition to the heat flux caused by temperature gradient. The effect of magnetic
field on the fluid temperature and the heat transfer between fluid and wall is of considerable impor-
tance affecting the flow. Further, Hall current, an additional electric current density so generated
perpendicular to both applied electric field and magnetic field has been taken into consideration
in the present study. Moreover, the Dufour effect has been considered in energy equation leaving
the equations of thermal diffusion and mass diffusion coupled. The coupled non-linear equations
are solved by applying a special function HhnðxÞ. The effects of flow parameters are shown with
the help of graphs and tables. A phenomenal observation, i.e. a radical change is marked near
the plate in respect of Dufour number in the presence of suction. Further, it is to note that suction
induces backflow in conjunction with opposing buoyancy forces. Hall current contributes to greater
skin friction at the bounding surface.
 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
There are many flows which arise from difference in concentra-
tion or temperature alone. Atmospheric flows, at all scales, are
driven appreciably by both temperature and H2O concentra-
tion differences. There are many interesting aspects of such
flows. The flow characteristics of such flows are characterizedby two transport parameters, i.e. Prandtl and Schmidt
numbers.
The Soret effect or thermophoresis is a phenomenon
observed in mixtures of mobile particles where the different
particles exhibit different responses to the cause of a tempera-
ture gradient. The term Soret effect most often applies to aero-
sol mixtures, but may also commonly refer to the phenomenon
in all phases of matter. It has been used in commercial precip-
itators for applications similar to electrostatic precipitators,
manufacturing of optical fiber in vapor deposition processes.
It is also used to separate different polymers particles in fluid
flow. Gebhart and Pera [1] studied the laminar flows whichus plate,
Nomenclature
a suction or blowing parameter
B magnetic induction vector
C dimensionless fluid concentration
C0 dimensional concentration in the fluid
Cp specific heat at constant pressure
Cs concentration susceptibility
C0w concentration of the fluid near the plate
C01 concentration of the fluid far away from the plate
C0 constant
Dm mass diffusivity
Du Dufour parameter
e charge of an electron
E electric field vector
fðgÞ; gðgÞ dimensionless stream function
g acceleration due to gravity
Gc mass Grashof number
Gr thermal Grashof number
J current density vector
k thermal conductivity of the fluid
K0 constants
KT thermal diffusion ratio
M magnetic parameter
m ¼ wese Hall parameter
me mass of an electron
N buoyancy ratio parameter
ne electron number density
Pe electron pressure
Pr Prandtl number
Sc Schmidt number
t dimensionless time
t0 dimensional time
T dimensionless temperature of the fluid
T0 dimensional temperature
T0w constant temperature of the plate
T01 temperature of the fluid far away from the plate
T0 constant
u x component of velocity
u0 velocity of the fluid in the x0 - direction
U0 characteristic velocity of the plate
V velocity vector
w z component of velocity
we electron frequency
x0; y0 co-ordinate axes along and perpendicular to the
plate
Greek symbols
a positive constant
b volumetric coefficient of thermal expansion
b volumetric coefficient of expansion with concen-
tration
g similarity variable
l coefficient of viscosity
m kinematic viscosity
q fluid density
r electric conductivity
se electron collision time
2 J.R. Pattnaik et al.arise in fluid due to the interaction of the gravity forces and
density differences caused by the simultaneous diffusion of
thermal energy of chemical species, neglecting the thermal dif-
fusion (Soret) and diffusion thermo (Dufour) effects because
the level of concentration is very low. Sparrow et al. [2,3]
and Sparrow [4] analyzed the free convection flow with
Soret–Dufour effects. Their work was confined to non-
conducting flow without magnetic field. The Dufour effect is
found to be of considerable order of magnitude such that it
cannot be neglected (Eckert and Drake [5]). Kafoussias and
Williams [6] have studied thermal-diffusion and diffusion-
thermo effects on mixed free and forced convective and mass
transfer boundary layer flow with temperature dependent vis-
cosity. Anghel and Takhar [7] have studied Dufour effects
and Soret effects on free convection boundary layer over a ver-
tical surface embedded in porous medium. Ahmed [8] had
studied MHD convection with Soret and Dufour effect in a
three dimensional flow past an infinite vertical plate. Recently,
Beg et al. [9] have studied chemically reacting mixed convective
heat and mass transfer along inclined and vertical plates con-
sidering Soret and Dufour effect. More recently, Jha and Aji-
bade [10] have studied the heat and mass transfer aspect of the
flow of a viscous incompressible fluid in a vertical channel con-
sidering the Dufour effect. The Dufour effect has been studied
in free convective flow of visco-elastic fluid in a vertical chan-
nel by Mishra et al. [11]. The diffusion thermo effect has been
considered on the fully developed laminar flow with uniform
plate temperature and concentration.Please cite this article in press as: J.R. Pattnaik et al., Diﬀusion-thermo eﬀect with ha
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magnetohydrodynamic thermosolutal Marangoni convection
along a vertical surface in the presence of the Soret and Dufour
effects. They found that, both temperature and concentration
gradient at the wall increase as the thermosolutal surface ten-
sion ratio increases. The effects of heat and mass transfer on
two-dimensional unsteady MHD free convection flow past a
vertical porous plate in a porous medium in the presence of
thermal radiation under the influence of Dufour and Soret
effects have been studied by Vedavathi et al. [13]. They reduced
the governing nonlinear partial differential equations to the
coupled nonlinear ordinary differential equations by the simi-
larity transformations and then solved the resulting equations
numerically using shooting method along with Runge-Kutta
method. Srinivasacharya et al. [14] investigated the influence
of thermophoresis on mixed convection heat and mass transfer
flow over a vertical wavy surface in a porous medium with
variable viscosity and variable thermal conductivity.
There exists a large number of constitutive equations
describing irreversible processes in the form of linear relation-
ships between fluxes and driving forces. For example, Fourier’s
law is relating heat-flow to temperature gradient; Fick’s law is
relating flow of matter of a species in a multicomponent system
to its concentration gradient; Newton’s law is relating shearing
force to velocity gradient, etc. In all these cases we see a simple
linear dependence of a flow on some conjugated forces. How-
ever, this simple relationship does not always hold. As early as
1801, Rouss carried out an experiment that showed that thell current on unsteady hydromagnetic ﬂow past an inﬁnite vertical porous plate,
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produce not only a flow of an electric charge but also a non-
conjugated flow of fluid. On the other hand, the application
of hydrostatic pressure was found to produce a non-
conjugated electric current. Later, Seebeck showed the thermo-
electric phenomena (a temperature gradient in a bimetallic sys-
tem establishes a gradient of electric potential) and Peltier
showed that the passage of electric current through the system
caused an isothermal flow of heat. Thus, it is evident that there
may exist coupling between forces of one type and flows of
another type. For sufficiently slow process, any flow may
depend in a direct and laminar manner not only on its conju-
gated force, but also on non-conjugated forces. Therefore,
cross transport phenomenon or coupled process is now the
attentions of many researchers. The Soret effect - the phe-
nomenon of thermal diffusion, i.e. mass flux caused by temper-
ature gradient in addition to mass flux caused by concentration
gradient - and Dufour effect – the reciprocal of Soret effect, i.e.
heat flux caused by concentration gradient in addition to the
heat flux caused by temperature gradient - greatly affect the
transport phenomena. Mathematically, the cross effects are
described by the addition of new terms to the constitutive
equations.
Application of magnetic field on the unsteady flows along
infinite flat surfaces has drawn the interest of Gupta [15] and
Singh [16] and many others, but they have not considered
the Hall current in their study. When an electrical current
passes through a conducting material placed in a magnetic
field, a potential proportional to the current and to the mag-
netic field is developed across the material in a direction per-
pendicular to both the current and the magnetic field. This
effect is known as Hall effect. When the strength of the mag-
netic field is very strong one cannot neglect the effect of Hall
current. In MHD flow, the Hall effect rotates the current vec-
tor away from the direction of the electric field and generally
reduces the level of force that the magnetic field exerts on
the flow. The Hall effects is the basis of many practical appli-
cations and devices such as magnetic field measurements, and
position and motion detector. Further, Hall effect devices are
included in many products, ranging from computers to sewing
machines, automobiles to aircraft and machine tools to medi-
cal equipments, as the Hall effect is an ideal sensing technol-
ogy. The effect of Hall current on the unsteady free
convection flow of a viscous incompressible and electrically
conducting fluid with mass transfer along a vertical porous
plate subjected to a time-dependent transpiration velocity with
constant magnetic field was reported by Hossain and Rashid
[17]. Dash and Das [18] investigated the effect of Hall current
on the unsteady free convection flow of a viscous incompress-
ible and electrically conducting fluid past an accelerated verti-
cal infinite porous plate with mass transfer and internal heat
generation subjected to a time dependent transpiration velocity
with a constant magnetic field applied perpendicular to the
plate. Dash and Rath [19] have studied the effect of Hall cur-
rent on hydromagnetic free convection flow near an exponen-
tially accelerated porous plate with mass transfer. Recently,
Mohanty et al. [20] investigated the effect of Hall current on
the unsteady free convection flow of electrically conducting
viscous incompressible fluid with internal heat absorption/gen-
eration and mass transfer in the presence of chemical reaction.
Acharya et al. [21] studied the effect of Hall current on the
unsteady free convection flow of a viscous incompressiblePlease cite this article in press as: J.R. Pattnaik et al., Diﬀusion-thermo eﬀect with ha
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forces which arises due to combined effects of temperature
and species concentration of comparable magnitude along a
vertical porous plate subjected to time dependent transpiration
velocity. In another paper Acharya et al. [22] have considered
the Hall effect on unsteady MHD flow near an accelerated ver-
tical plate, whereas in their earlier study they have considered
the plate is at rest. Very recently, Seth et al. [23] investigated
the unsteady hydromagnetic natural convection heat and mass
transfer flow with Hall current of a viscous fluid past an accel-
erated moving vertical plate subjected to ramped temperature
variation embedded in a porous medium in a rotating frame of
reference. They have remarked that Hall current accelerates
primary and secondary fluid velocities and they have solved
complex governing equations applying Laplace transform.
Moreover, Kar et al. [24] also considered the effect of Hall cur-
rent on the flow along a vertical porous plate taking into
account volumetric heat absorption in the presence of various
diffusing species undergoing chemical reactions.
None of the above referred works considered either Dufour
or Soret effect in their studies. In the present study, the effect
of an additional cross transport phenomenon, i.e. heat flux
caused by concentration gradient has been considered in addi-
tion to the heat flux caused by temperature gradient. More-
over, we have generalized the Hartmann flow with an
additional electric current density, i.e. Hall current. Since the
Hall current is included, a transversed electromagnetic force
is produced. Thus, we have a transverse flow velocity compo-
nent in addition to the axial velocity component (Cramer and
Pai [25]). The present study is a generalization of [21] by incor-
porating Dufour effect.
For engineering applications, the quasi-one dimensional
analysis is preferable due to its simplicity. Another area of
application of transverse magnetic field fixed to the body is
in reducing the heat transfer at the stagnation point and
increasing the body drag. Both these results are desirable for
protecting a vehicle re-entering the atmosphere.2. Formulation and solution of the problem
An unsteady free convection flow of a viscous incompressible
and electrically conducting fluid along an infinite vertical por-
ous plate in the presence of a transverse magnetic field subject
to time dependent suction or blowing velocity is considered.
All the fluid properties are assumed to be constant except
buoyancy effect.
Fluid flow is considered along x0-axis which is taken along
the plate in the upward direction and y0-axis is normal to it.
The effect of Hall current induces a force which causes a cross
flow in the z0-direction. Therefore, the flow becomes three
dimensional. In addition, Dufour effect is considered in the
presence of magnetic field. We also assume that induced mag-
netic field is negligible in comparison with applied magnetic
field. Hence, B ¼ ð0; B0; 0Þ. This assumption is justified only
when the magnetic Reynolds number is very small. The equa-
tion of conservation of electric charge r  J ¼ 0 gives
Jy = constant, where J ¼ ðJx; Jy; JzÞ. As the plate is non-
conducting, Jy ¼ 0 at the plate and hence zero everywhere.
Considering the magnetic field strength to be very large, the
corresponding generalized Ohm’s law in the absence of an elec-
tric field takes the formll current on unsteady hydromagnetic ﬂow past an inﬁnite vertical porous plate,
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ene
ðJ BÞ þ rrPe
ene
ð1Þ
Using r ¼ e2nese
me
and me ¼ eB0we above equation reduces to
Jþ wese
B0
ðJ BÞ ¼ r V Bþrpe
ene
 
ð2Þ
For weakly ionized gases the thermoelectric pressure and
ion slip are considered to be negligible. The Eq. (2) reduces to
Jx ¼ rB0
1þm2 ðmu
0  w0Þ ð3Þ
and
Jz ¼ rB0
1þm2 ðu
0 mw0Þ ð4Þ
Under the Boussinesq’s approximation, equations govern-
ing the flow are as follows:
@v0
@y0
¼ 0 ð5Þ
@u0
@t0
þ v0 @u
0
@y0
¼ m @
2u0
@y02
 rB
2
0
qð1þm2Þ ðu
0 þmw0Þ
þ gbðT0  T01Þ þ gbðC0  C01Þ ð6Þ
@w0
@t0
þ v0 @w
0
@y0
¼ m @
2w0
@y02
 rB
2
0
qð1þm2Þ ðw
0 mu0Þ ð7Þ
@T0
@t0
þ v0 @T
0
@y0
¼ k
qCp
@2T0
@y02
þDmKT
CsCp
@2C0
@y02
ð8Þ
@C0
@t0
þ v0 @C
0
@y0
¼ Dm @
2C0
@y02
ð9Þ
The initial and boundary conditions are
t0 6 0 : u0 ¼w0 ¼ 0; T0 ¼T01; C0 ¼C01 for all y0
t0 > 0 : u0 ¼w0 ¼ 0; T0 ¼T01 þT0taðT0wT01Þ;
C0 ¼C01 þC0taðC0wC01Þ at y0 ¼ 0
and u0 ! 0; w0 ! 0; T0 !T01; C0 !C01 as y0 !1
9>>=
>>;
ð10Þ
Introducing the following non-dimensional quantities
u¼ u0
U0
; v¼ v0
U0
; w¼ w0
U0
; t¼ U20tm ; y¼ U0y
0
m ; Pr ¼ lCpk ; Sc ¼ mDm ;
M¼ rB20m
qU2
0
; T¼ T0T01
T0wT01 ; C¼
C0C01
C0wC01 ; Du ¼
DmkTðC0wC01Þ
mCsCpðT0wT01Þ ;
Gr ¼ gbmðT
0
wT01Þ
U3
0
; Gc ¼ gb
mðC0wC01Þ
U3
0
; N¼ bC0ðC0wC01ÞbT0ðT0wT01Þ
ð11Þ
Eqs. (5)–(9) reduce to
@v
@y
¼ 0 ð12Þ
@u
@t
þ v @u
@y
¼ @
2u
@y2
 M
1þm2 ðuþmwÞ þ GrTþ GcC ð13Þ
@w
@t
þ v @w
@y
¼ @
2w
@y2
 M
1þm2 ðwmuÞ ð14Þ
@T
@t
þ v @T
@y
¼ 1
Pr
@2T
@y2
þDu @
2C
@y2
ð15Þ
@C
@t
þ v @C
@y
¼ 1
Sc
@2C
@y2
ð16ÞPlease cite this article in press as: J.R. Pattnaik et al., Diﬀusion-thermo eﬀect with ha
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u ¼ w ¼ 0; T ¼ 0; C ¼ 0 everywhere for t 6 0
u ¼ w ¼ 0; T ¼ T0ta; C ¼ C0ta at y ¼ 0 for t > 0
u ¼ w ¼ 0; T ¼ 0; C ¼ 0 as y!1 for t > 0
ð17Þ
From Eq. (12), it follows that v is either a constant or func-
tion of time. In order to obtain similar solutions, velocity of
the plate is given by vðtÞ ¼ at1=2. For suction, a > 0 and
for injection or blowing, a < 0. The assumption is valid for
small values of t. To find the solutions of Eqs. (13) and (14),
the dependent variables are expanded following Pop [26] in
the powers of ðMtÞ.
u ¼ gbT0taþ1
X1
i¼0
ðMtÞiuiðgÞ ð18Þ
w ¼ gbT0taþ1
X1
i¼0
ðMtÞiwiðgÞ ð19Þ
where g ¼ y
2
ﬃ
t
p .
Since the Eqs. (15) and (16) are independent of above vari-
ables, therefore, the solutions to the Eqs. (15) and (16) can be
written in the following form:
T ¼ T0tafðgÞ ð20Þ
C ¼ C0tagðgÞ ð21Þ
Now, substituting (18) and (19) together with (20) and (21)
in Eqs. (13)–(16) and equating coefficients of equal power of
ðMtÞ, we obtain the following set of equations:
g00ðgÞþ2Scg0ðaþgÞ4aScg¼ 0 ð22Þ
f00ðgÞþ2Prf0ðaþgÞ4aPrf¼DuK0Prg00ðgÞ ð23Þ
u000ðgÞþ2ðaþgÞu004ðaþ1Þu0 ¼4f4Ng ð24Þ
u001þ2ðaþgÞu014ðaþ2Þu1 ¼
4
1þm2 ðu0þmw0Þ ð25Þ
u002þ2ðaþgÞu024ðaþ3Þu2 ¼
4
1þm2 ðu1þmw1Þ ð26Þ
w000þ2ðaþgÞw004ðaþ1Þw0 ¼ 0 ð27Þ
w001þ2ðaþgÞw014ðaþ2Þw1 ¼
4
1þm2 ðw0mu0Þ ð28Þ
w002þ2ðaþgÞw024ðaþ3Þw2 ¼
4
1þm2 ðw1mu1Þ ð29Þ
ui ¼ 0; wi ¼ 0; f¼ 1; g¼ 1 at g¼ 0
ui ¼ 0; wi ¼ 0; f¼ 0; g¼ 0 as g!1 for i¼ 0;1;2
ð30Þ
Eqs. (22)–(29) with boundary conditions (30) are solved for
Pr – 1; Sc – 1 and we get
gðgÞ ¼ Hh2a
ﬃﬃﬃﬃﬃﬃﬃ
2Sc
p ðgþ aÞ 
Hh2a
ﬃﬃﬃﬃﬃﬃﬃ
2Sc
p
a
  ð31Þ
fðgÞ ¼ Hh2a
ﬃﬃﬃﬃﬃﬃﬃ
2Pr
p ðgþ aÞ 
Hh2a
ﬃﬃﬃﬃﬃﬃﬃ
2Pr
p
a
 
þ DuK0Sc
1 Sc
Pr
  Hh2a ﬃﬃﬃﬃﬃﬃﬃ2Scp ðgþ aÞ 
Hh2a
ﬃﬃﬃﬃﬃﬃﬃ
2Sc
p
a
  
 
Hh2a
ﬃﬃﬃﬃﬃﬃﬃ
2Pr
p ðgþ aÞ 
Hh2a
ﬃﬃﬃﬃﬃﬃﬃ
2Pr
p
a
 
!
ð32Þll current on unsteady hydromagnetic ﬂow past an inﬁnite vertical porous plate,
B0 
X
Y
Z
0
Figure 1 Flow configuration.
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 
Hh2aþ2
ﬃﬃﬃﬃﬃﬃﬃ
2Pr
p
a
 
Hh2aþ2
ﬃﬃﬃ
2
p ðgþ aÞ 
ðPr  1ÞHh2a
ﬃﬃﬃﬃﬃﬃﬃ
2Pr
p
a
 
Hh2aþ2
ﬃﬃﬃ
2
p
a
 
 "
Hh2aþ2
ﬃﬃﬃﬃﬃﬃﬃ
2Pr
p ðgþ aÞ 
ðPr  1ÞHh2a
ﬃﬃﬃﬃﬃﬃﬃ
2Pr
p
a
 
!
þ Nþ DuK0Scð1 Sc=PrÞ
 
Hh2aþ2ð
ﬃﬃﬃﬃﬃﬃﬃ
2Sc
p
aÞHh2aþ2
ﬃﬃﬃ
2
p ðgþ aÞ 
ðSc  1ÞHh2a
ﬃﬃﬃﬃﬃﬃﬃ
2Sc
p
a
 
Hh2aþ2
ﬃﬃﬃ
2
p
a
 
 
Hh2aþ2
ﬃﬃﬃﬃﬃﬃﬃ
2Sc
p ðgþ aÞ 
ðSc  1ÞHh2a
ﬃﬃﬃﬃﬃﬃﬃ
2Sc
p
a
 
!#
ð33Þ
w0 ¼ 0 ð34Þ
In order to save space the long expression for w1; w2; u1; u2
is omitted, where the function HhnðzÞ is defined by
HhnðzÞ ¼
R1
z
ðszÞn
n! exp  s
2
2
 
ds, for n is an integer (P 0).
HhnðzÞ ¼ ð1Þn1 ddz
 n1
exp  z2
2
 
, for n is an integer (< 0).
The derivative of HhnðzÞ function is given by
Hh0nðzÞ ¼ Hhn1ðzÞ.
All other properties of this function are discussed by Jef-
freys and Jeffreys [27]. Substituting w0; u0; w1; u1; w2; u2 in
Eqs. (18) and (19) we obtain u and w, the primary and sec-
ondary velocity components respectively.
Skin friction
Knowing the velocity field, the x and z components of skin
friction sx and sz respectively are given by
sx ¼  1
2
ﬃﬃﬃﬃﬃﬃﬃ
Mt
p @u
@g
 
n¼0
and sz ¼  1
2
ﬃﬃﬃﬃﬃﬃﬃ
Mt
p @w
@g
 
n¼0
:
Nusselt number
Nu ¼  @T
@g
 
n¼0
Sherwood number
Sh ¼  @C
@g
 
n¼0I
II
u
III
IV
η
Figure 2a Primary velocity profile for different Sc (I = 0.22,
II = 0.3, III = 0.6, IV = 0.78) when a= 0, Pr = 0.71, Du = 0,
m= 0.2, M= 2, t= 0.1, N= 2.0.3. Results and discussion
As discussed earlier, the present study is related to cross
transport phenomenon or coupled process due to Dufour
effect. The present discussion is not a straightforward general-
ization of Acharya et al. [22] due to following reasons (see
Fig. 1).
They have neglected Thermal Diffusion and Diffusion
Thermo effect assuming the level of concentration of chemical
species is low. But in the present study we have considered the
Dufour effect. Further, they have considered accelerated verti-
cal surface whereas we have considered the surface to be at
rest. Thirdly, the consideration of Dufour effect renders both
the equations, i.e. heat equation and concentration equation
coupled whereas equations in their work [22] are de-coupled.
However, neglecting the Dufour effect, Acharya et al. [21]
can be discussed as a particular case wherever possible, since
the present study treats the plate at rest.Please cite this article in press as: J.R. Pattnaik et al., Diﬀusion-thermo eﬀect with ha
Alexandria Eng. J. (2016), http://dx.doi.org/10.1016/j.aej.2016.08.027The parameter N is a measure of relative importance of
chemical and thermal diffusion causing the density difference
which drives the flow.
(i) N ¼ 0, no mass diffusion.
(ii) N !1, no thermal diffusion.
(iii) N > 0, both effects combined to drive the flow.
(iv) N < 0, effects oppose to each other.
Fig. 2a shows the primary velocity distribution for various
values of Sc. For heavier species, velocity decreases at all
points. The values of Sc for H2, He, Water Vapor and Ammo-
nia in air medium are 0:22; 0:3; 0:6 and 0:78 respectively. The
above discussion is related to the case when mass diffusion and
thermal diffusion are in the synergetic state without Dufour
effect. Fig. 2b shows the secondary velocity distribution for
various values of Sc characterizing different diffusing species
into air medium. The objective of this figure is to verify our
result with Acharya et al. [21] in particular case. It is remarked
that the curve coincides with Acharya et al. [21] for Sc ¼ 0:22ll current on unsteady hydromagnetic ﬂow past an inﬁnite vertical porous plate,
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Figure 2b Secondary velocity profile for different Sc (I = 0.22,
II = 0.3, III = 0.6, IV = 0.78) when a= 0, Pr = 0.71, Du = 0,
m= 0.2, M= 2, t= 0.1, N= 2.0.
6 J.R. Pattnaik et al.and Sc ¼ 0:78 in the absence of Dufour effect. On careful
observation it is seen that heavier species causes a fall in the
velocity near the plate.
Fig. 2c displays temperature distribution for injection
(a < 0), no suction (impermeable wall, a ¼ 0) and suction
(a > 0) for constant plate temperature for specific cases. The
findings are in good agreement with Acharya et al. [21] indicat-
ing a thinner thermal boundary layer subject to transition from
suction to injection.
For validation of the present result we have compared with
Acharya et al. [21] by devoting exclusively Figs. 2a, 2b and 2cT
η
III
II
I
Figure 2c Temperature profile for different a (I = 0.5, II = 0,
III = 0.5) when Du = 0, Sc = 0.22, Pr = 0.71.
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perature distributions respectively omitting Dufour effect
and keeping other parameters as well as diffusing species same
as that of [21]. The effect of heavier species is to reduce the pri-
mary velocity and secondary velocity. As regards to tempera-
ture distributions, the Fig. 2c has been analyzed and found
to be in good agreement with [21]. For surface criteria, which
play an important role, the comparison has been made in
respect of skin friction in Table 1. This shows that skin friction
decreases with an increase in Sc, i.e. for heavier species.
Acharya et al. [21] have remarked in the same sense ‘‘the value
of x – component of skin friction decreases for diffusion of
heavier particles, i.e. the velocity gradient at the surface
decreases more in presence of heavier particles than lighter
ones”.
The above discussion asserts that the present study is a
compliment as well as a supplement to the work [21].
For brevity we have omitted the graphs for a < 0, i.e. case
of injection (except higher magnitude, no noticeable change is
marked).3.1. Primary velocity distribution for constant plate temperature
and concentration
Now Figs. 3 and 4 are intended to display the effect of various
parameters on primary velocity in the presence of suction
(a > 0) and injection (a < 0) respectively for a constantly
heated bounding surface. On careful observation, it is
remarked that primary velocity increases in magnitude in the
presence of injection (a < 0) but decreases in the presence of
heavier diffusing species in both the cases (a > 0 and a < 0).
It is also seen from curves I and III of Fig. 3 that for suction
(a > 0), an increase in Dufour number increases the velocity
for g < 0:5 (approximately), thereafter velocity decreases.
But in case of injection, profiles intersect each other at
g ¼ 0:5 (approximately, Fig. 4). Thus, it is remarked that
Dufour effect brings a change to the velocity field after a few
layers from the plate when the plate is subjected to injection.
From Figs. 3 and 4, Curves I and VII display the effect of
resistive electromagnetic force due to applied magnetic field. It
is seen that due to transverse compression the profiles are close
to each other for increasing magnetic field strength. Curves I,
V and VI show the effect of buoyancy ratio parameter, N
ðN ¼ Gc=GrÞ. For N < 1 ðGc < GrÞ, thermal buoyancy domi-
nates over solutal buoyancy force. For N ¼ 0 (Gc ¼ 0 but
Gr–0), i.e. no solutal buoyancy, only the flow is subject to
thermal buoyancy. It is seen that an increase in Gr leads to
increase the velocity. It is interesting to note that for N < 0
the flow reversal occurs. This is also pointed out by Acharya
et al. [21]. Now, N < 0 implies Gc and Gr are of opposite sign,
i.e. Tw  T1 and Cw  C1 are of opposite sign which corre-
sponds to opposite transport process of thermal and solutal
concentration between the plate and ambient state. Another
striking feature is that primary velocity responds to the effect
of suction and injection in a similar manner, and only injection
enhances the magnitude of primary velocity which is quite nat-
ural due to extra mass of fluid being injected into the flow
domain. Therefore, it is to note that in order to avoid flow
reversal, the directions of thermal and solutal transport are
to be same. Thus, temperature and concentration at the plate
as well as at ambient state are to be prescribed so that bothll current on unsteady hydromagnetic ﬂow past an inﬁnite vertical porous plate,
Table 1 Variation of skin friction (primary).
Sc m M Du N sx
a= 0 a= 1
a= 0.5 a= 0.5 a= 0.5 a= 0.5
0.22 0.2 2 0.03 2 0.9240 3.9362 2.8281 2.8053
0.78 0.2 2 0.03 2 11.7444 30.6249 6.8245 16.7337
0.22 0.4 2 0.03 2 0.9496 3.9529 2.8159 2.8591
0.22 0.2 1 0.03 2 0.6123 4.7987 4.2521 3.9049
0.22 0.2 2 2.3 2 5.7216 12.1106 2.6983 4.4922
0.22 0.2 2 0.03 1 0.1679 2.0016 1.7613 1.6806
0.22 0.2 2 5 2 13.6261 31.1971 9.2716 13.1721
I
Sc      Du       m      M      N
I
-0.5
I 0.22 0.03 0.2 1 2
II 0.78 0.03 0.2 1 2
III 0.22 5 0.2 1 2
V 0.22 0.03 0.5 1 2
V 0.22 0.03 0.2 1 0
VI 0.22 0.03 0.2 1
VII 0.22 0.03 0.2 5 2
η
II
III
IV
V 
VI
VII 
u
Figure 3 Variation of primary velocity profile for different
values of Sc, Du, m, M, N when a= 0, Pr = 0.71, t= 0.1,
a= 0.5.
II
-0.5
Sc Du m M  N
I 0.22 0.03 0.2 1 2
0.78 0.03 0.2 1 2
III 0.22 5 0.2 1 2
IV 0.22 0.03 0.5 1 2
V 0.22 0.03 0.2 1 0
VI 0.22 0.03 0.2 1
VII 0.22 0.03 0.2 5 2
u
η
III
I
IV
II
V
VI
VII
Figure 4 Variation of primary velocity profile for different
values of Sc, Du, m, M, N when a= 0, Pr = 0.71, t= 0.1,
a= 0.5.
Diffusion-thermo effect with hall current on hydromagnetic flow 7the buoyancy forces must be in the same direction. It is seen
that Hall current increases the velocity in layers little far off
from the plate for both suction and injection.
3.2. Secondary velocity distribution for constant plate
temperature and concentration
Figs. 5 and 6 show the effect of various parameters on sec-
ondary velocity in the presence of suction (a > 0) and injection
(a < 0) respectively for a constantly heated bounding surface.
It is observed that velocity decreases with larger value of Sc
and the effect is distinct in the presence of injection but in case
of suction, the transverse compression is well marked due to
magnetic field. It is also seen from curves I, V and VI that
the effect of buoyancy ratio parameter N is same as primary
velocity for both suction and injection at the plate with excep-
tion, i.e. there is no backflow in case of secondary velocity for
N < 0, i.e. Gc and Gr are of opposite sign. Therefore, it is con-
cluded that the secondary velocity distribution is stable irre-
spective of the two buoyancy forces are synergetic or not.
Curves I and III show that an increase in Du, increases the
velocity throughout the boundary layer for both suction andPlease cite this article in press as: J.R. Pattnaik et al., Diﬀusion-thermo eﬀect with ha
Alexandria Eng. J. (2016), http://dx.doi.org/10.1016/j.aej.2016.08.027injection. It is remarked that the Lorentz force enhances the
secondary velocity in the presence of Dufour effect ðDu–0Þ,
whereas it decreases the primary velocity. Curves I and IV
show the effect of Hall current ‘m’. For weakly ionized gas
(m < 1), the velocity decreases as m decreases. Whereas for
m > 1, the opposite effect is observed for both suction and
injection at the plate. The same anomalous behavior was
observed by Acharya et al. [21] and Sutton and Shrerman [28].
3.3. Primary velocity distribution for time varying temperature
and concentration
Figs. 7 and 8 show the effect of various parameters on primary
velocity in the presence of suction (a > 0) and injection (a < 0)
respectively for linearly time varying temperature and concen-
tration. It is observed from curves I, V and VI that the effect of
buoyancy ratio parameter is assisting, N > 0 and opposing,
N < 0 on primary velocity for both suction and injection.
One remarkable feature is that backflow occurs under the
influence of suction as well as opposing buoyancy force.ll current on unsteady hydromagnetic ﬂow past an inﬁnite vertical porous plate,
wη
IV
VII
III
I 
II
V
VI
-0.5
VII     0.22    
Sc Du m M  N
I 0.22 0.03 0.2 1 2
II 0.78 0.03 0.2 1 2
III 0.22 5 0.2 1 2
IV 0.22 0.03 0.5 1 2
V 0.22 0.03 0.2 1 0
VI 0.22 0.03 0.2 1
0.03 0.2 5 2
Figure 5 Variation of secondary velocity profile for different
values of Sc, Du, m, M, N when a= 0, Pr = 0.71, t= 0.1,
a= 0.5.
w
1       2
-0.5
Sc Du m M  N
I 0.22 0.03 0.2 1 2
II 0.78 0.03 0.2 1 2
III 0.22 5 0.2
IV 0.22 0.03 0.5 1 2
V 0.22 0.03 0.2 1 0
VI 0.22 0.03 0.2 1
VII 0.22 0.03 0.2 5 2
V
II
I
VI
III
VII
IV
η
Figure 6 Variation of secondary velocity profile for different
values of Sc, Du, m, M, N when a= 0, Pr = 0.71, t= 0.1,
a= 0.5.
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VI
VII
η
u
Sc Du m M  N
I 0.22 0.03 0.2 1 2
II 0.78 0.03 0.2 1 2
III 0.22 5 0.2 1 2
IV 0.22 0.03 0.5 1 2
V 0.22 0.03 0.2 1 0
VI 0.22 0.03 0.2 1 -0.5
VII 0.22 0.03 0.2 5 2
Figure 7 Variation of primary velocity profile for different
values of Sc, Du, m, M, N when a= 1, Pr = 0.71, t= 0.1,
a= 0.5.
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η
-0.5
Sc Du m M  N
I 0.22 0.03 0.2 1 2
II 0.78 0.03 0.2 1 2
III 0.22 5 0.2 1 2
IV 0.22 0.03 0.5 1 2
V 0.22 0.03 0.2 1  0
VI 0.22 0.03 0.2 1
VII 0.22 0.03 0.2 5 2
Figure 8 Variation of primary velocity profile for different
values of Sc, Du, m, M, N when a= 1, Pr = 0.71, t= 0.1,
a= 0.5.
8 J.R. Pattnaik et al.Curves I and IV show the effect of Hall current in response
to suction and injection. The distinct two-layer velocity profile
is formed in respect of suction and injection with slight
decrease in magnitude for an increase in Hall parameter.
Curves I and VII show the effect of magnetic parameter M.
In the presence of suction, velocity decreases with an increase
inM when g > 0:8. This indicates that magnetic parameter has
no effect in layers close to the plate but in the presence of injec-
tion the effect also remains same. Thus, it is concluded that
Magnetic parameter retards the velocity for both suction and
injection. Curves I and II exhibit the effects of Schmidt num-
ber. It is remarked that heavier species gives rise to thinnerPlease cite this article in press as: J.R. Pattnaik et al., Diﬀusion-thermo eﬀect with ha
Alexandria Eng. J. (2016), http://dx.doi.org/10.1016/j.aej.2016.08.027boundary layer. Curves I and III show the effect of Dufour
effect, i.e. the effect of additional thermal energy due to solutal
diffusion into the thermal boundary layer. From both the fig-
ures it is seen that an increase in Du accelerates the velocity
under both suction and injection. Further, on careful observa-
tion, it is seen that the effect of Du sets in after a few layers of
the boundary layer in the presence of injection.
3.4. Secondary velocity distribution for time varying temperature
and concentration
Figs. 9 and 10 show the effect of various parameters on sec-
ondary velocity in the presence of suction (a > 0) and injectionll current on unsteady hydromagnetic ﬂow past an inﬁnite vertical porous plate,
wη
IV
VII
III
I 
II
V
VI
-0.5
Sc Du m M  N
I 0.22 0.03 0.2 1 2
II 0.78 0.03 0.2 1 2
III 0.22 5 0.2 1 2
IV 0.22 0.03 0.5 1 2
V 0.22 0.03 0.2 1 0
VI 0.22 0.03 0.2 1
VII 0.22 0.03 0.2 5 2
Figure 10 Variation of secondary velocity profile for different
values of Sc, Du, m, M, N when a= 1, Pr = 0.71, t= 0.1,
a= 0.5.
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Diffusion-thermo effect with hall current on hydromagnetic flow 9(a < 0) respectively for linearly time varying temperature and
concentration. It is observed from curves I and II that the sec-
ondary velocity decreases with an increase in Schmidt number
in the presence of both suction and injection. Thus, it may be
inferred that heavier species slows down the velocity near the
plate.
Curves I and III reveal that the effect of Du is to accelerate
the secondary flow significantly in the presence of suction. This
effect is more pronounced with higher value of Du (i.e. with
increase in level of species concentration, Cw  C1). Further,
on analyzing the profile corresponding to Du ¼ 0:03 < 1 (i.e.
Tw  T1 > Cw  C1) the increase in secondary velocity is
not significant. Thus, it is concluded that concentration differ-
ence is more important in enhancing the secondary flow rather
than temperature difference. Curves I, V and VI present the
effect of N, the parameter representing the ratio of thermal
buoyancy and Solutal buoyancy. It is seen that an increase
in N contributes to the greater secondary flow but it is of inter-
est to record that the trend remains unabated for N < 0, as
well as N ¼ 0 when Du ¼ 0:03 (i.e. for small Dufour effect).
Thus, it is concluded that with low Dufour effect, the ratio
of buoyancy forces does not have much effect on secondary
velocity. It is also remarked that the injection acts same as
the case of suction. Curves I and IV present the variation of
Hall current which induces a force causing a cross flow when
Du < 1. It is seen that for weaker Hall current (m < 1) an
increase in m leads to increase the secondary velocity but the
reverse effect is observed for m > 1 with stronger Hall current.
The same effect is observed in case of injection also. Curves I
and VII exhibit the effect of magnetic parameter which
imposes a resistive force of electromagnetic origin. It is
remarked that magnetic parameter contributes to enhance sec-
ondary flow under both suction and injection.III     
-
Sc Du m M  N
I 0.22 0.03 0.2 1 2
II 0.78 0.03 0.2 1 2
0.22 5 0.2 1 2
IV 0.22 0.03 0.5 1 2
V 0.22 0.03 0.2 1 0
VI 0.22 0.03 0.2 1 0.5
VII 0.22 0.03 0.2 5 2
w
η
IV
VII
III
I 
II
V
VI
Figure 9 Variation of secondary velocity profile for different
values of Sc, Du, m, M, N when a= 1, Pr = 0.71, t= 0.1,
a= 0.5.
η
Figure 11 Temperature profile for different a (I = 0.5, II = 0,
III = 0.5) when Sc = 0.22, Pr = 0.71, Du = 0.03, a= 0.
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Fig. 11 presents temperature variation under suction and injec-
tion in case of suddenly heated plate. The thermal boundary
layer becomes thinner under the influence of suction whereas
for injection, the reverse effect is observed. Figs. 12 and 13
show the effect of various parameters on temperature distribu-
tion under the influence of suction and injection in case of sud-
denly heated plate. It is seen that the heavier species
contributes slightly to raise the temperature, but Duffer effect
contributes significantly to enhance the temperature for both
suction and injection.ll current on unsteady hydromagnetic ﬂow past an inﬁnite vertical porous plate,
Sc      Du 
I 0.22 0.03
II 0.78 0.03
III 0.22 5
IV 0.22 10
η
T
IV
III
II
I
Figure 12 Temperature profile for different Sc, Du when
Pr = 0.71, a= 0, a= 0.5.
Sc   Du
I 0.22 0.03
II 0.78 0.03
III 0.22 5
IV 0.22 10
η
T
IV
III
II
I 
Figure 13 Temperature profile for different Sc, Du when
Pr = 0.71, a= 0, a= 0.5.
Sc Du
I 0.22 0.03
II 0.78 0.03
III 0.22 5
IV 0.22 10
η
T
IV
III
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I
Figure 14 Temperature profile for different Sc, Du when
Pr = 0.71, a= 1, a= 0.5.
η
T
I 
II
III
IV
Sc Du
I 0.22 0.03
II 0.78 0.03
III 0.22 5
IV 0.22 10
Figure 15 Temperature profile for different Sc, Du when
Pr = 0.71, a= 1, a= 0.5.
10 J.R. Pattnaik et al.Figs. 14 and 15 show the effect of various parameters on
time dependent linear variation of temperature distribution
under the influence of suction and injection. It is observed that
an increase in Sc increases the temperature slightly throughout
the flow domain. An interesting outcome of Dufour effect on
temperature distribution is revealed from the figure. It is evi-
dent that two distinct characteristics in temperature variation
is marked for Du > 1; Du < 1. For greater difference in con-Please cite this article in press as: J.R. Pattnaik et al., Diﬀusion-thermo eﬀect with ha
Alexandria Eng. J. (2016), http://dx.doi.org/10.1016/j.aej.2016.08.027centration (Du ¼ 10), a hike in temperature near the plate is
marked and then slowly decreases but on the other hand for
Du ¼ 0:03, under dominance of higher temperature difference
(Tw  T1), a slow fall in temperature near the plate is indi-
cated. Further, for moderate value of Du, i.e. Du ¼ 5:0, an uni-
form fall is marked. Thus, it is worth mentioning that the
importance of Dufour effect in the formation of thermal
boundary layer is significant. This aspect contributes to design
thermopiles. The case of injection is quite similar to itsll current on unsteady hydromagnetic ﬂow past an inﬁnite vertical porous plate,
Diffusion-thermo effect with hall current on hydromagnetic flow 11counterpart (suction) but with modulation and shifting of pro-
files. The injection has a controlling effect to regulate the fluc-
tuation in temperature distribution when thermo-diffusion
effect is accounted for (see Fig. 16).
3.6. Skin friction
Tables 1 and 2 enumerate the values of skin friction, which is a
measure of the shearing stress at the plate surface under two
conditions.
(i) Suddenly heated plate (a ¼ 0).- 15
- 10
-5 
0 
5 
10
15
1 2 3 4 5 6 7 
τx 
t
II
I
III
Figure 16 Skin friction for uniformly heated plate.
Table 2 Variation of skin friction (secondary).
Sc m M Du N s
a
a
0.22 0.2 2 0.03 2 
0.78 0.2 2 0.03 2 2
0.22 0.4 2 0.03 2 
0.22 0.2 1 0.03 2 
0.22 0.2 2 2.3 2 
0.22 0.2 2 0.03 1 
0.22 0.2 2 5 2 1
Table 3 Variation of Nusselt number.
Sc Du Nu
a= 0
a= 0.5
0.22 0.03 1.4378
0.78 0.03 1.4302
0.22 2.3 0.9556
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Alexandria Eng. J. (2016), http://dx.doi.org/10.1016/j.aej.2016.08.027(ii) Uniformly heated plate where temperature on the sur-
face varies linearly with time (a ¼ 1).
Table 1 shows that the sign of skin friction remains positive
in case of suddenly heated plate for Du < 1. When Du > 1 (i.e.
Du ¼ 2:3 and Du ¼ 5:0), the sign becomes negative. For uni-
formly heated plate, sign of skin friction remains positive for
low value of Du but for moderately high value of Du, the sign
becomes negative.
Thus, it is concluded that the nature of variation of surface
temperature greatly affects the skin friction consequently, the
flow characteristics in the boundary layer. Further, it is also
remarked that relative dominance of solutal buoyancy over
thermal buoyancy plays an important role in modifying the
flow behavior. Another aspect relating to magnitude of the
skin friction is that uniform rise in temperature of the plate
with lapse of time gives rise to greater skin friction than sudden
rise in temperature of the plate.
The following observations are recorded for the variation
of other parameters.
Heavier species gives rise to greater skin friction, irrespec-
tive of suction, injection in both the cases a ¼ 0, a ¼ 1, but
an increase in Dufour effect decreases the skin friction for
a ¼ 0 but the reverse effect is observed for a ¼ 1. An increase
in Hall current increases the skin friction in case of suction
whereas opposite effect is observed in all other cases. An
increase in Magnetic field intensity increases the skin friction
for suddenly heated plate for both suction and injection but
the reverse effect is observed for uniformly heated plate. It
is, therefore, suggested that higher intensity of magnetic field
is not desirable in the case of suddenly heated plate. It is inter-
esting to note that an increase in N leads to greater skin fric-
tion in all the modes of cross flow and surface temperature.z
= 0 a= 1
= 0.5 a= 0.5 a= 0.5 a= 0.5
3.5324 12.5768 1.7178 4.1318
0.0787 71.1498 10.4763 22.5598
3.7436 13.1068 1.8465 4.3274
2.5799 9.0694 1.2704 2.9602
1.4047 5.3322 0.7126 1.7521
3.5598 12.6100 1.7186 4.1418
3.2847 0.4830 1.0783
a= 1
a= 0.5 a= 0.5 a= 0.5
0.5213 0.4020 0.2858
0.4507 0.0671 3.7199
1.6167 2.5321 26.8435
ll current on unsteady hydromagnetic ﬂow past an inﬁnite vertical porous plate,
Table 4 Variation of Sherwood number.
Sc Nu
a= 0 a= 1
a= 0.5 a= 0.5 a= 0.5 a= 0.5
0.22 0.9086 0.3458 0.6031 0.0891
0.78 1.4874 0.5660 0.3679 0.0544
12 J.R. Pattnaik et al.Therefore, the parameter N is to be reduced to experience less
drag at the surface.
Nusselt number (Nu) is an indicator of thermal stability in
the boundary layer. The Table 3 shows that an increase in
the values of Sc and Du, increases the values of heat transfer
in case of uniformly heated plate. One striking feature of the
entries is that Nu assumes high values for injection especially,
in case of linearly time varying temperature at the surface
(see Table 4).4. Conclusion
(i) Injection accelerates the flow.
(ii) Heavier species decreases the velocity in both the cases
(suction and injection).
(iii) A specific layer of fluid flow becomes independent of
Dufour effect in the presence of injection.
(iv) Flow reversal occurs in the presence of opposite trans-
port processes (i.e. Thermal and Solutal buoyancies).
(v) Hall current slightly increases the velocity in case of con-
stant temperature and concentration but decreases for
time varying temperature and concentration.
(vi) The secondary velocity distribution is stable irrespective
of buoyancy forces are synergetic or not.
(vii) The thermal boundary layer becomes thinner under the
influence of suction but thicker for injection.
(viii) A phenomenal observation, i.e. a radical change is
marked near the plate in respect of Dufour number in
the presence of suction. Further, it is to note that suction
induces backflow in conjunction with buoyancy oppos-
ing parameter.
(ix) Greater Shearing stress at the plate is experienced in case
of injection than suction for a suddenly heated plate
besides the linearly varying temperature where some
deviations are marked.
(x) Dominating effect of solutal concentration over thermal
gives rise to flow instability.
(xi) Application of magnetic field is suggested to reduce the
skin friction in case of uniformly time varying plate
temperature.
(xii) Heavier species, Hall current, and buoyancy ratio
parameter lead to greater skin friction in all the nodes
of cross flow and surface temperature. Hence, reduction
of the values of the parameters is suggested to experience
less drag at the surface.
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